Introduction
Multiple sclerosis (MS) is an autoimmune disease in which autoreactive T cells cross the bloodbrain barrier and attack the myelin sheath leading to a cascade of inflammation. The result is demyelination, acute axonal transection, gliosis and subsequent axonal degeneration [Trapp et al. 1998 ]. Unpredictable episodes of neurological disability in young adults are followed by a gradual accumulation of deficits over time as the disease switches from an inflammatory to a degenerative 'secondary progressive' phase. Monoclonal antibodies have been used as experimental treatments of MS since the 1980s. Their advantage is high specificity for their target; their disadvantages are that they (usually) require intravenous administration, often are associated with infusion reactions and, as large foreign proteins, they are immunogenic.
Past experience with monoclonal antibodies has taught researchers to interpret results seen in animal models with caution. Anti-TNFa antibodies are successful in the treatment of rheumatoid arthritis and work done using the animal model of MS (experimental autoimmune encephalomyelitis, EAE) suggested a beneficial effect on the disease. Early trials in MS patients, however, showed the opposite effect with worsening of disease activity [Lenercept Multiple Sclerosis Study Group and the University of British Columbia MS/MRI Analysis Group, 1999] . There have also been reports of de novo MS occurring in rheumatoid arthritis patients treated with antiTNFa therapy [Sicotte and Voskuhl, 2001] .
Data from clinical research trials has however given important insights in to the underlying disease mechanism and suggests that treating MS in the early inflammatory phase gives an opportunity to delay or prevent the onset of disease progression [Coles et al. 2006] . To date only one monoclonal antibody has been licensed as a treatment for MS: natalizumab. Here we review the current and future use of monoclonal antibodies in MS (Table 1) . Kohler and Milstein's seminal work in 1975 heralded the development of monoclonal antibodies that could be used to treat human diseases [Kohler and Milstein, 1975] . The technique generates 'hybridomas' by the fusion of a plasma cell from the spleen of an animal (usually a rodent) immunised with the antigen of interest together with a myeloma cell. The resulting hybrid cells are then screened and a cell producing the required antibody with good specificity for the antigen is selected and cloned. The resulting cell line will continually grow in culture and produce large quantities of the same antibody. The history of subsequent events in the development of monoclonal antibodies is summarised in Table 2 .
Introduction to monoclonal antibodies
Generic problems with monoclonal antibodies 1: immunogenicity When mouse monoclonal antibodies are used as therapies, they are recognised as foreign proteins and may induce neutralising anti-mAb antibodies. To reduce immunogenicity, variable amounts of the murine immunoglobulin have been replaced by the human equivalent. Thus 'chimeric antibodies' have the murine antigen binding domain fused to a human IgG framework. Humanised antibodies go a step further with the only murine element being the complementarity determining regions (Figure 1 ). The extreme form of this technology is 'superhumanisation' where even parts of the murine antigenbinding site are humanised [Tan et al. 2002] .
Another aspect to immunogenicity is dose and route of administration. In general intravenous administration is less immunogenic than subcutaneous. In addition, following some classical observations, either very low or very high doses of any foreign protein can achieve low or high 'zone tolerance' when given intravenously [Parish and Liew, 1972] . It is probably for this reason that 1 g rituximab i.v., a chimeric antibody, is less immunogenic than 20 mg Campath-1H i.v., a humanised antibody. An ingenious solution to this problem has been proposed by Herman Waldmann and colleagues. They have shown that a variant of Campath-1H, in which one amino acid within the antigen-binding site has been altered to abolish cell binding and so can be given in very large doses, successfully induces high-zone tolerance to subsequent doses of Campath-1H in huCD52-transgenic animals [Gilliland et al. 1999 ].
Generic problems with monoclonal antibodies 2: infusion reactions From the first use of OKT3, cell-depleting antibodies have been associated with an acute infusion reaction attributable to cytokine release: specifically TNF-a after anti-CD3 antibodies [Ferran et al. 1991] and cytokines other than TNF-a after Campath [Coles et al. 1999] . Pretreatment with corticosteroids can reduce the cytokine release and associated symptoms. The Fc portion of the antibody can also be altered so that it no longer induces cytokine release, as in the aglyosyl anti-CD3 [Bolt et al. 1993 ].
Generic problems with monoclonal antibodies 3: CNS penetration It is very unlikely that significant amounts of monoclonal antibodies, injected intravenously, penetrate the CNS even in patients with active Table 2 . The history of subsequent events in the development of monoclonal antibodies.
1982
The therapeutic potential of monoclonal antibodies is shown by a complete response of a patient with a B cell lymphoma to an anti-idiotype antibody [Miller et al. 1982 [Miller et al. ] 1986 OKT3 (anti-CD3 monoclonal antibody) is approved by FDA for acute renal transplant rejection 1986
Greg Winter and his team produce the first humanised monoclonal antibody by grafting the CDR regions from a mouse antibody [Jones et al. 1986 MS, in whom there will be several sites of breakdown of the bloodbrain barrier. We have consistently been unable to detect Campath-1H in the cerebrospinal fluid of our patients (unpublished observations). There have also been many reports of induction of brain metastases in women with a good systemic response to trastuzumab for HER-2 positive breast cancer [Lindrud et al. 2003 ], suggesting not only that the antibody does not penetrate the bloodbrain barrier, but also that a 'safe haven' for metastases is promoted.
Natalizumab Natalizumab (Tysabri, Biogen Idec) is the only monoclonal antibody currently licensed for relapsing-remitting MS. It works by targeting lymphocyte migration across the bloodbrain barrier, an early step in MS lesion formation. The protein a4 b1 integrin is present on lymphocytes and interacts with vascular-cell adhesion molecule 1 (VCAM-1) on brain and spinal blood vessels to allow migration in to the central nervous system (CNS). Natalizumab binds the a4 subunit (very late antigen 4) preventing this interaction and halting passage of lymphocytes in to the CNS. Two large phase III double-blind trials; AFFIRM (natalizumab versus placebo) and SENTINEL (natalizumab plus interferon-b1a versus placebo plus interferon-b1a) assessed safety and efficacy over a 2-year period.
In AFFIRM 942 patients were randomised in a 2 : 1 ratio to receive either natalizumab 300 mg every 4 weeks or placebo infusion, 856 patients completed the study [Polman et al. 2006] . Patients had RRMS (EDSS 05) with one relapse in the preceding 12 months, no interferon or glatiramer acetate therapy for 6 months and no other immunosuppression for 12 months. At 2 years there was a 68% relative reduction in annualised relapse rates in the natalizumab group. Natalizumab reduced the risk of sustained progression of disability by 42% at 2 years. New or enlarging T2 MRI lesions were reduced by 83% and the mean number of gadolinium enhancing lesions by 92%.
In SENTINEL patients had RRMS (EDSS 05) and one or more relapses during a minimum of 12 months on IFN therapy in the preceding year [Rudick et al. 2006] . One-thousand-one-hundred-and ninety-six patients were randomised in a 1 : 1 ratio to receive either natalizumab four times weekly or placebo in addition to weekly IFN-b1a (Avonex). Data from 25 patients was excluded and 14% of the remaining patients withdrew from the study. Combination therapy resulted in a 24% reduction in the relative risk of sustained progression of disability. Annualised relapse rate was 0.34 on combination therapy compared to 0.75 on IFN-b1a alone. New or enlarging T2 MRI lesions were reduced by 83% with combination therapy. is a safety observational study of patients treated with natalizumab in any country outside of the US. The UK guidelines currently recommend natalizumab only in patients with rapidly evolving severe relapsingremitting MS defined by two relapses within 12 months plus one gadolinium-enhancing lesion on MRI or a significant increase in T2 lesion load compared to a previous scan [NICE, 2007] .
Since the reapproval of natalizumab a further five cases of PML have occurred; these are all in MS patients receiving monotherapy [Biogen Idec, 2009] . Two of these were reported in July 2008; one after 17 doses of natalizumab and the second case in a patient treated with 14 doses of natalizumab [Hartung, 2009] . The third case reported in October 2008 occurred in a patient who had 14 doses of natalizumab [Hartung, 2009] Other side effects of natalizumab treatment include infusion reactions and hypersensitivity. In the AFFIRM and SENTINEL trial 6% of patients treated with natalizumab developed persistent antibodies which result in reduced efficacy and increased infusion reactions. There is postmarketing evidence that natalizumab can cause clinically significant liver injury and this can occur as early as 6 days after first treatment as well as after multiple doses [US Food and Drug Administration, 2009] . Patients should be made fully aware of the risks of natalizumab before starting treatment and closely monitored.
Alemtuzumab Alemtuzumab (Campath-1H, Genzyme and Bayer Schering Pharma) is a humanised monoclonal antibody against CD52 found on lymphocytes, monocytes and eosinophils. The function of the CD52 antigen however is still unknown. Alemtuzumab results in a rapid and profound cell lysis and lymphopaenia. It is licensed for treatment of chronic lymphocytic leukaemia and has been used in research trials in MS since 1991. When used in MS B cell and monocyte numbers recover within 3 months, however CD4+ T cells remain low for a median of 5 years [Coles et al. 2006] . Early studies showed that when used in secondary progressive MS, relapses and MRI disease activity were effectively suppressed; however, accumulation of disability over time continued [Coles et al. 2006] . In contrast it has been shown to be highly effective in early relapsing-remitting MS in comparison to interferon-b1a [Coles et al. 2008] .
The CAMMS223 phase II study of 334 patients with early relapsing-remitting MS randomised patients to receive either high or low dose annual alemtuzumab infusions, or three times per week injections of interferon-b1a, over a 3-year period [Coles et al. 2008] . Alemtuzumab was shown to be highly effective and resulted in a reduced rate of sustained accumulation of disability as well as reduction in annualised relapse rate. Annualised relapse rate was 0.1 in alemtuzumab treated patients compared to 0.36 in the interferon-b1a group. The EDSS points in the alemtuzumab group improved by 0.39 points and worsened by 0.38 points in the interferon group (p < 0.001). MRI T2 lesion volume was reduced more in the alemtuzumab group compared with the interferon-b1 a group, this was significant at 12 months (p = 0.01) and 24 months (p = 0.005) though not at 36 months. Overall no significant differences in outcomes were seen between the high and low dose of alemtuzumab.
In September 2005 alemtuzumab dosing was suspended following the development of immune thrombocytopenic purpura (ITP) in three patients, one of whom did not report their symptoms and subsequently died from an intracerebral haemorrhage. In the alemtuzumab group 75% of patients did not receive the third cycle of treatment due to the suspension. A total Therapeutic Advances in Neurological Disorders 2 (4) of six patients (2.8%) receiving alemtuzumab developed ITP compared to one patient receiving interferon-b1a.
Autoimmune thyroid disease was seen in 22.7% of patients treated with alemtuzumab (majority were hyperthyroid) compared with 2.8% of the interferon-b1a. Mild-to-moderate infections were also increased in the alemtuzumab group. Infusion reactions to alemtuzumab were common though serious reactions were only seen in 1.4%. A case of non-EBV-associated Burkitt's lymphoma has been reported in one patient treated with alemtuzumab. There have also been two reports of Goodpasture's disease occurring in MS patients treated with alemtuzumab on other clinical trials.
Despite the adverse event profile of alemtuzumab, 83% of treated patients completed the 36 months of the CAMMS223 trial compared to only 59% of interferon-b1a patients. The main reasons for discontinuation in the interferonb1a group were lack of efficacy and adverse events. The extremely promising clinical and radiological efficacy of alemtuzumab is currently being tested in two phase III trials with careful monitoring for its potential adverse events.
Rituximab
Rituximab (Rituxan, Genentech and Biogen Idec) is a chimeric monoclonal anti-CD20 antibody that is approved for rheumatoid arthritis. It results in depletion of CD20 positive B cells (pre-B cells and mature B cells) but does not deplete plasma cells or progenitor cells in the bone marrow. Previously, most MS treatments targeted T cells, but the success of rituximab in rheumatoid arthritis and the growing evidence for antibody involvement in the pathogenesis of MS led to trials of the use of rituximab in the treatment of MS.
Safety and tolerability was initially shown in a phase I study of 26 patients [Bar-Or et al. 2008] . A subsequent phase II, double-blind trial randomised 104 relapsing-remitting MS patients in a 2 : 1 ratio to receive either two doses of rituximab or placebo infusions [Hauser et al. 2008] . Patients had at least one relapse in the previous year and were off disease modifying therapy for at least 60 days prior to treatment. Relapses were reduced in the rituximab group compared with placebo. The proportion of patients with relapses were 15.4% versus 34.3% respectively at 24 weeks, and 20.3% versus 40% at 48 weeks. Total gadolinium-enhancing lesions were reduced in the rituximab group at 12, 16, 20, 24 and 48 weeks.
Infusion reactions were common (78%) in the rituximab-treated patients. Infection rates were similar in the two groups; however, urine infections and sinusitis were more common in the rituximab group. At 48 weeks a quarter of rituximab treated patients were positive for antihuman chimeric antibodies. The authors report that a reduction in inflammatory lesions was seen as early as 4 weeks after the first dose. As rituximab does not deplete plasma cells and antibody levels are not significantly affected it is unlikely that it exerts its effect through the reduction of pathogenic antibodies. Other mechanisms such as reduced antigen presentation or reduced proinflammatory B cell cytokine secretion are more plausible [Bar-Or et al. 2008] . Physicians using rituximab should be alert to the possible development of PML; cases have been reported in patients treated for rheumatoid arthritis, systemic lupus erythematosus and non-Hodgkin's lymphoma.
Rituximab has also been used in a phase II trial in primary progressive MS, the results of which were presented at the World Congress on Treatment and Research in Multiple Sclerosis in Montreal, September 2008. In this trial, 439 patients with primary progressive MS were randomised in a 2 : 1 ratio to either rituximab or placebo. The percentage of patients with confirmed disease progression at 96 weeks (defined as an increase in the disability score maintained for 12 weeks) was not statistically different between the two groups (38.5% for placebo versus 30.2% for rituximab). The median change in T2 lesion volume on MRI from baseline to week 96 was significantly lower for rituximab (p = 0.0008). Given the lack of efficacy and the risk of increased serious infections seen in the rituximab group (4.5% versus <1.0% for placebo) the use of rituximab cannot be justified in primary progressive MS.
Ocrelizumab
This is a humanised anti-CD20 monoclonal antibody which is currently being tested in MS in a phase II trial. The trial aims to investigate the efficacy (measured by MRI lesion activity) and safety of two dose regimens of ocrelizumab over 24 weeks. Patients with relapsing-remitting MS and evidence of recent disease activity, who have been off disease modifying therapy for at least 12 weeks, are randomised to one of two dose regimens of ocrelizumab, or placebo, or weekly Avonex.
Daclizumab
Interleukin-2 expands T cells, an effect which can be limited by blocking its receptor (the IL-2 Ra-chain, CD25) on activated T cells. Interleukin-2 receptor antibodies are licensed for prevention of organ transplant rejection [Adu et al. 2003 ]. Daclizumab (Zenepax) is an anti-CD25 antibody which has been tested in an open-label phase II study of patients who have clinically failed to respond to interferon therapy [Bielekova et al. 2004] . Prior to treatment patients were followed for 4 months on their interferon therapy and had to have at least 0.67 new contrast enhancing lesions per month. A total of 11 patients received seven doses each (five with SPMS, six RRMS), the first two doses were given fortnightly and then every 4 weeks.
Overall the drug was well tolerated; a slight increase in mild infections and two cases of transient liver function abnormalities were seen. Daclizumab resulted in a 78% reduction in new contrast-enhancing lesion formation; this occurred over 1.52 months. An 80% reduction in exacerbation rate was also seen.
The mechanism of action of daclizumab is intriguing. The authors initiated the clinical trial based on the hypothesis that lymphocytes in MS patients are chronically activated and dependent on high affinity IL2R signalling [Bielekova et al. 2006] . However when the effect of daclizumab was studied little change was seen in the function of the patients' T cells. Only a 20% reduction in CD4+ proliferation was seen and there was no effect on CD8+ cell proliferation or T cell cytokine secretion. Circulating patient CD4+ and CD8+ cell counts were only slightly reduced. In contrast a gradual expansion of CD56 bright NK cells was seen and this correlated with the reduction in MRI disease activity. In vitro, these CD56 bright NK cells were shown to limit the survival of activated T cells by a contact dependent mechanism. An NK cell mediated regulation of activated T cells was also indirectly suggested in vivo as the expansion in NK cell numbers correlated with the small but significant reduction in CD4+ and CD8+ cells.
Another small phase II trial involved nine RRMS patients who had at least one relapse in the prior 12 months while on interferon therapy and had two gadolinium enhancing lesions on any of four baseline MRI scans [Rose et al. 2007] . Interferon therapy was continued in addition to daclizumab. Patients stopped interferon if there were no contrast enhancing lesions at 5.5 months and continued on daclizumab alone for 10 months. If contrast-enhancing lesions returned interferon was restarted and the dose of daclizumab increased from 1 mg/kg to 1.5 mg/kg. An extension study allowed treatment to continue for up to a total of 27.5 months.
Eleven patients were enrolled, although one stopped after two treatments due to urine infections and a severe relapse and another was withdrawn after developing transient thrombocytopenia while taking trimethoprim-sulfamethoxazole for a urine infection. The other nine patients all completed 27.5 months of therapy. All patients stopped interferon after 5.5 months although three subsequently developed new lesions and restarted it together with an increased daclizumab dose. A four-fold decrease in new contrast enhancing lesions compared with baseline was seen at all time intervals as well as a reduction in relapse rate. Therapy was well tolerated, one patient developed lymphadenopathy which receded on completion of the study.
Ustekinumab (CNTO-1275)
Ustekinumab is a monoclonal antibody against the p40 subunit which is a component of both interleukin-12 and interleukin-23 [Oppmann et al. 2000] . Interleukin-12 drives Th1 cell differentiation and the production of IFN-g [Mosmann et al. 1986] where as interleukin-23 drives the interleukin-17 producing CD4+ cells called 'Th17' [Aggarwal et al. 2003 ]. Work done in the animal model of MS has implicated a role of both of these cell types in the initiation of CNS lesions [Lees et al. 2008] . Ustekinumab has so far shown promising results for the treatment of psoriasis in clinical trials.
A phase II double-blind study randomised 246 RRMS patients to either one of four doses of ustekinumab subcutaneously (27 mg, 90 mg or 180 mg four times weekly or 90 mg eight times weekly) or placebo [Segal et al. 2008] . Patients had experienced two relapses in the previous 2 years, or one in the last 6 months, and were off other treatments for at least 3 months. No significant differences were seen between the placebo and ustekinumab groups in the number of new gadolinium enhancing lesions at week 23 or relapse rate. Ustekinumab was generally well tolerated although 32% of patients reported injection site reactions and infections were increased. One possible hypothesis for the lack of efficacy of ustekinumab suggested by the authors is that the drug may not cross the bloodbrain barrier and therefore be unable to exert an effect within the CNS.
ch5D12
This chimeric anti-human CD40 monoclonal antibody has been tested in the marmoset monkey experimental autoimmune encephalomyelitis model of MS. CD40 is a costimulatory molecule present on antigen presenting cells and B cells. The CD40 ligand is found on T cells, upon interaction with CD40 it results in activation of antigen presenting cells and B cell isotype switching. It has also recently been shown that CD40CD40L interaction is important for the development of Th17 cells [Iezzi et al. 2009] .
One study induced EAE in eight monkeys by injecting the recombinant myelin protein MOG in complete Freund's adjuvant [Boon et al. 2001] . Monkeys were treated with ch5D12 or placebo prior to and after induction. The four monkeys in the placebo group all developed EAE by day 41; by comparison, none of the treated monkeys developed clinical signs of EAE during the 50-day treatment period. However upon cessation of treatment the monkeys went on to develop EAE though this was not immediate.
In a subsequent study the authors tested the effect of ch5D12 on existing EAE in the marmoset model ['t Hart et al. 2005] . Treatment with ch5D12 (three monkeys) or placebo (four monkeys) was started once MRI lesions started to develop. The enlargement and intensity of T2 lesions was suppressed in treated monkeys; however, no clinical benefit was seen. No obvious side effects were seen in the small number of monkeys treated; however, previous studies using an anti-CD40L monoclonal antibody resulted in increased thromboembolic events [Kawai et al. 2000] . Given the uncertain clinical benefit and the potential for thromboembolic complications more evidence should be obtained before proceeding to trials in MS patients.
Conclusion
Experience with monoclonal antibodies has shown that early, effective treatment of MS has the potential to prevent or delay disability. Physicians and patients need to carefully weigh up the benefits and risks of monoclonal antibody therapy. The devastating clinical and social consequences of this disease, however, should not be underestimated.
Conflict of interest statement AJC has received expenses and honoraria for speaking at meetings organised by Genzyme. His department has received funds from Genzyme to support research on alemtuzumab treatment of multiple sclerosis. Visit SAGE journals online http://tan.sagepub.com
